The spatial summation of excitation and inhibition determines the final output of neurons in the cat V1. To characterize the spatial extent of the excitatory classical receptive field (CRF) and inhibitory nonclassical receptive field (nCRF) areas, we examined the spatial summation properties of 169 neurons in cat V1 at high (20-90%) and low (5-15%) stimulus contrasts. Three categories were classified based on the difference in the contrast dependency of the surround suppression. We discovered that the three categories significantly differed in CRF size, peak firing rate, and the proportion of simple/complex cell number. The classification of simple and complex cells was determined at both high and low contrasts. While the majority of V1 neurons had stable modulation ratios in their responses, 10 cells (6.2%) in our sample crossed the classification boundary under different stimulus contrasts. No significant difference was found in the size of the CRF between simple and complex cells. Further comparisons in each category determined that the CRFs for complex cells were significantly larger than those for simple cells in category type I neurons, with no significant differences between simple and complex cells in category type II and type III neurons. In addition, complex cells have higher peak firing rates than simple cells.
Introduction
In area V1 of cats and monkeys, stimulation of the larger non-classical receptive field (nCRF) of single neurons surrounding the excitatory classical receptive field (CRF) generally inhibits the responses evoked by CRF stimulation (Allman, Miezin, & McGuinness, 1985; DeAngelis, Freeman, & Ohzawa, 1994; Gulyas et al., 1987; Hammond & MacKay, 1981; Li & Li, 1994; Sadakane et al., 2006; Sengpiel, Sen, & Blakemore, 1997; Sillito et al., 1995) . The stimulus contrast is an important parameter influencing the balance between excitation and inhibition, and both the CRF and nCRF sizes expand when the stimulus contrast is varied from high to low (Chen, Song, & Li, 2013; Kapadia, Westheimer, & Gilbert, 1999; Sceniak et al., 1999; Wang et al., 2009) . It is therefore important to determine the spatial limits of the excitatory and inhibitory summation at different stimulus contrasts.
Several previous studies have characterized the spatial organization of excitation and inhibition at high and low contrasts in the macaque V1 (Sceniak, Hawken, & Shapley, 2001; Shushruth et al., 2009) . Electrophysiological studies have shown that monkey neurons exhibit more suppression than those in the cat, and that 56%-86% of cells in the cat but >90% in the monkey show significant surround suppression (Jones et al., 2001; Peggy, Jean, & Yves, 2003; Sengpiel, Sen, & Blakemore, 1997; Walker, Ohzawa, & Freeman, 1999) . Thus, the first aim of the study presented here was to investigate the spatial extent of the excitatory and inhibitory influences in the primary visual cortex of the cat at two representative stimulus contrasts. Inconsistent results in the size of the CRF between simple and complex neurons have been reported in previous studies. Some investigations in the macaque showed that simple cells have larger CRFs than complex cells Sceniak, Hawken, & Shapley, 2001) , but other studies in the cat and macaque monkey indicated that the size of the CRFs was similar in simple and complex cells (cat: Walker, Ohzawa, & Freeman, 2000; macaque: Cavanaugh, Bair, & Movshon, 2002) . Moreover, some recent studies in the cat and monkey visual cortex have suggested that the simple-complex classification is dependent on the stimulus contrast: some V1 cells behave like simple cells at low contrast but behave like complex cells at high contrast (Bardy et al., 2006; Crowder et al., 2007; Henry & Hawken, 2013 ; van Kleef, Cloherty, & Ibbotson, 2010) . Therefore, the second aim of the present study was to compare the size of the CRF in simple http://dx.doi.org/10.1016/j.visres.2014.01.011 0042-6989/Ó 2014 Elsevier Ltd. All rights reserved.
and complex cells and to investigate the relation between contrastdependent spatial summation and the simple-complex classification.
To address these questions, we performed size-tuning tests on 169 V1 cells and then fitted our data using a difference of Gaussians model to estimate the extent of the excitatory and inhibitory areas. We separated the V1 neurons into three categories based on their contrast-dependent surround suppression and then compared the excitatory and inhibitory areas of the three categories. We also classified the neurons into simple and complex cells at both high and low contrasts and compared CRF size between the two categories at high contrast.
Methods and materials

Animal preparation
All procedures were conducted according to the National Institutes of Health (NIH) guidelines for animal research and in compliance with the guidelines of the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. Nineteen adult cats, each weighing 2.5-3.5 kg, were used in this study (the same animals were primarily used for additional parallel projects). The cats were anesthetized prior to surgery with ketamine hydrochloride (30-mg/kg, i.v.), and then tracheal and then venous cannulations were performed. After the initial surgery, the animal was placed in a stereotaxic head-holder, paralyzed with pancuronium bromide (0.1-mg/kg/h, i.v.) mixed with electrolytes and glucose (5%), and maintained under artificial ventilation. During recording, anesthesia and paralysis were maintained with urethane (20-mg/kg/h) and gallamine triethiodide (10-mg/kg/h), respectively, and glucose (200-mg/kg/h) in Ringer's solution (3-mL/kg/h) was infused. Heart-rate, electrocardiography, electroencephalography (EEG), end-expiratory CO 2 and rectal temperature were monitored continuously. Anesthesia was considered sufficient when the EEG indicated a permanent sleep-like state. The end-tidal CO 2 concentration was adjusted to 3.2-4%. The rectal temperature was maintained at 38°C with a thermostatically controlled heating pad. Reflexes, including corneal, eyelid, and withdrawal reflexes were tested at appropriate intervals. Additional urethane was given immediately when necessary. The nictitating membranes were retracted and the pupils dilated. Artificial pupils 3 mm in diameter were used. Contact lenses and additional corrective lenses were applied to focus the retina on a screen for stimulus presentation. At the end of the experiment, the animal was sacrificed by an overdose of barbiturate i.v. Extracellular recordings were made from 169 neurons in the primary visual cortex of anesthetized cats using tungsten-in-glass microelectrodes with exposed tips of 5-10 lm (Li, Xu, & Tigwell, 1995) . The electrode was advanced into the cortex by a step-motor micro-drive (Narishige, Japan). Single-unit activity was amplified, converted to digital pulses and then recorded using a physiological instrument (Cerebus-128, Cyberkinetics, USA). Peri-stimulus time histograms (PSTHs) of unit responses were generated and analyzed on-line using custom-made software.
Visual stimuli
Visual stimuli generated with a ViSaGe MKII visual stimulus generator (Cambridge Research Systems, UK), were presented to one eye on a computer display (MM906UT; IIYAMA, Japan; screen size: 40 cm Â 30 cm). The monitor was placed 57 cm from the eyes. This visual stimulator could generate multiple patches of sinusoidal grating stimuli. Under computer control, the grating orientation, spatial and temporal frequency, and movement direction were matched to the preferred parameters of the cell under study and real-time analyses of the responses were performed. The contrast of the grating was 40% and the mean luminance was 10 cd/m 2 . All measurements were made during the stimulation of the neuron's dominant eye with the other eye occluded. All cells recorded were obtained from the area of the cortex representing the central 10°of the visual field. We first located the center of the CRF by placing a narrow sine-wave grating patch at successive positions (in a random sequence) along the axes perpendicular or parallel to the optimal orientation of the cell and then measured the response to its drift. The center of the CRF was defined as the peak of the response profiles for both axes. All recorded cells had CRFs centered within 10°of the visual axis. Once the receptive field center was established, we performed size-tuning measurements. By measuring the neuronal response as a function of the stimulus area, size-tuning curves were measured at two levels of contrast. The contrast levels were chosen from the linear region of the cell's contrast-response function (Fig. 1) . Low levels were set at that contrast at the contrast that generated a response that was 10% of the maximum. High contrasts were selected to elicit responses that were 90% of the saturation response for each cell. To describe the steep slope of the contrast-response function in single neurons, we computed an index, CONT, CONT = log(high contrast) À log(low contrast) such that the larger the CONT, the smaller the slope. Each patch size was presented for 5-10 cycles of the grating drift and standard errors were calculated for 3-10 repeats. Outside the grating patches, the screen remained at the same mean luminance as that for the stimulus patches (10 cd/m 2 ).
Data analysis
The first harmonic (F1) and the mean firing rate (F0) were measured from the response during the optimal sinusoidal grating stimulation (orientation, spatial frequency, temporal frequency and size) at high and low contrasts. Cells were classified as simple if the F1/F0 ratio was >1 and as complex if the F1/F0 ratio was <1 (Skottun et al., 1991) . The size-tuning curves for all cells recorded were fitted using a difference of Gaussians (DOG) model (DeAngelis, Freeman, & Ohzawa, 1994) . In this model, the narrower positive Gaussian represents the excitatory center, whereas the broader negative Gaussian represents the suppressive surround. The two Gaussians are considered to be concentrically overlapping and the summation profile can be represented as the difference of the two integrals of the Gaussians. To quantitatively describe the Fig. 1 . Selection of high and low contrasts from the contrast-response function. Two contrast levels were chosen to cover the dynamic range of the cell but to avoid saturation at high contrast. The low level was set at that contrast generating 10% of the response maximum (0.09 contrast for this cell, left arrow), and the high level was set at that contrast generating a response that reached 90% of the maximum (0.29 contrast, right arrow). The parameter CONT indicated the dynamic range of the contrast-response function. Two levels of stimulus contrast and the parameter CONT were determined individually for each neuron.
size-tuning response, the data were fitted with a function of the following form:
where R 0 is the spontaneous firing rate and the first and second integrals represent the relative contributions from the putative excitatory and inhibitory components, respectively. The excitatory Gaussian is described by its gain, K e , and a space constant, a, and the inhibitory Gaussian is described by its gain, K i , and space constant, b.
As the stimulus diameter was increased, the response could either rise to a maximum and then decrease to an asymptote ( Fig. 2A) , or increase to a maximum and asymptote there (Fig. 2B ). The surround suppression strength for each neuron was calculated from the fitted size-tuning curve as the reduction from the maximum response to the asymptotic response for large stimuli. We computed a suppression index, SI, which was expressed as a fraction of the optimal response:
where R opt is the maximum response, and R asy is the asymptotic response. All values were optimized to provide the least mean square error for the data. All fitting procedures were conducted with the MATLAB optimization toolbox using the CONSTR and FMINCON nonlinear least-squares functions. To evaluate how well our experimental data fit the model, the goodness of each fit was established by calculating the mean fraction error (cf. Sceniak, Hawken, & Shapley, 2001 ) defined as 
where theory j and data j are the expected response theory and the experimental response data to the jth stimulus size, respectively. The error in fit found in the present study ranged from 0.004 to 0.21 with a mean error of 0.027 across the population.
All population values below are expressed as means plus or minus the standard error of the mean. All two-way comparisons were tested for significance with the Mann-Whitney U test.
Results
Selection of the high and low contrasts from the contrast-response function
The high and low contrasts were determined for 169 V1 cells from the contrast-response function. Although the threshold location of the contrast-response curves varied from cell to cell, the form of the contrast-response curve was a sigmoidal curve for most V1 neurons. For example in Fig. 1 , the contrast-response curve showed a response threshold at a contrast of 0.05 and saturated at 0.35, with a steeper slope located between the two points. Two representative contrast levels were selected from the contrast-response function. The low-contrast level was set at that contrast generating a response that was 10% of the maximum (0.09 contrast for this cell, left arrow), and the high-contrast level was set when response reached 90% of the maximum (0.29 contrast, right arrow). To calculate the slope of the curve for each neuron, we introduced an index CONT, indicating the dynamic range of a Fig. 4 . Distribution of peak firing rates in three categories. The peak firing rate can be obtained when sinusoidal grating is set as a neuron's optimal parameter. Type I and type II cells have a similar peak firing rate that is significantly higher than that of type III cells. The solid arrow indicates the population average in each category, respectively (A: 33.4; B: 32.5; C: 24.0). neuron's contrast response. For the majority of V1 neurons, high contrasts were between 20% and 90% and low contrasts were between 5% and 15%. Across the entire population, the median values for the high and low contrast were 0.64 (mean = 0.57 ± 0.03) and 0.07 (mean = 0.08 ± 0.00), respectively and the median of the CONT was 0.91 (mean = 0.81 ± 0.02).
Comparison of CRFs and nCRFs among the three categories
Using circular patches of drifting sinusoidal gratings centered at the middle of the CRF, we determined the size-tuning curves of 169 V1 cells at high and low contrast. Fig. 2 shows the size-tuning curves from 2 representative cells. As the stimulus diameter was increased, the response could either rise to a maximum and then decrease to an asymptote ( Fig. 2A) , or increase to a maximum and asymptote there (Fig. 2B) . Eight out of 169 cells exhibited a monotonic increase in their response without a plateau although the stimulus grating exceeded 25 deg. It was uncertain whether these cells had very large CRFs (>25 deg) or facilitatory surround interactions. Thus, the cells without a response plateau were not included in further estimations and comparisons of the CRF and nCRF sizes. We calculated the strength of the suppression from the size-tuning curve as the reduction from the maximum response to the asymptotic response. We chose an arbitrary criterion of 10% reduction in response as the smallest change that we could reliably measure. Cells were then classified as having a surround suppression (SI > 0.1) or no suppression (SI 6 0.1) at high and low contrasts (cf. Walker, Ohzawa, & Freeman, 2000) . As shown in Fig. 3A , 41/161 (25.5%, high contrast) and 63/161 (39.1%, low contrast) V1 cells had less than 10% suppression. The remaining cells formed an approximately uniform distribution between 10% and 100% suppression. The average SI was 0.40 ± 0.02 (n = 161) at high contrast and 0.32 ± 0.02 (n = 161) at low contrast. There was a significant difference in the strength of the surround suppression under high and low contrast conditions (p = 0.0091). Fig. 3A shows the scatter plot of the estimates for the SI at high and low contrasts. We classified V1 cells into three categories based on their strength of suppression at the two levels of contrast. Type I cells showed surround suppression at both high and low contrasts (Fig. 3B) , type II cells exhibited suppressive summation at high contrast but no suppression at low contrast (Fig. 3C) , and type III cells showed no suppression at high and low contrasts (Fig. 3D) . Ninety-eight type I, 22 type II and 41 type III cells were included in the entire population. Fig. 4 shows the distribution of the peak firing rates for the three categories. The peak firing rate could be obtained when the stimulus parameter was set as the neuron's optimal parameter. The peak firing rates were 33.4 ± 2.5 spikes/s (n = 98), 32.5 ± 4.7 spikes/s (n = 22), 24.0 ± 2.9 spikes/s Fig. 7 . Size-tuning curves of an example type II neuron at high and low contrasts. The neuron shows an initial summation followed by a suppression at stimulus diameters beyond the optimal at high contrast (A) and a response increasing to a maximum at low contrast (B). Firing rates are shown as a function of stimulus diameter for the F0 (dotted line) and F1 (solid line) components of the response. The average F1/F0 ratio was calculated using different stimulus apertures. The neuron behaves like a complex cell at high contrast (C, average F1/F0: 0.81) but like a simple cell at low contrast (C, average F1/F0: 1.39). Fig. 8 . The F1/F0 ratios for three categories at different contrast levels. The F1/F0 ratio measured at high contrast (x-axis) against the ratio at low contrast (y-axis). Open circles, squares, and triangles represent category type I, type II and type III cells, respectively. Most neurons show a small increase in the F1/F0 ratio at low contrast, but overall the ratio remains relatively constant at different stimulus contrast. Ten cells (6.2%) crossed the category boundary (F1/F0 = 1) at different stimulus contrasts: 7 cells show F1/F0 < 1 at high contrast but F1/F0 > 1 at low contrast and 3 cells show F1/F0 > 1 at high contrast but F1/F0 < 1 at low contrast.
(n = 41) for type I, type II and type III cells, respectively; the peak firing rates of both type I and type II cells were significant higher than those of type III cells (type I and III, p = 0.008; type II and III, p = 0.042).
Estimates of the excitatory CRFs and inhibitory nCRFs were made from the fitted size-tuning curves. From the fitted curves, the spatial extent of the excitatory CRFs was estimated from the excitatory space constant 'a' of the Gaussians and the spatial extent of suppressive nCRFs from the suppressive space constant 'b' of the Gaussians. Estimates of the CRFs were obtained from all 161 cells and of nCRFs and estimates of the nCRFs from 98 type I and 22 type II cells. Twenty-two type II cells at low contrast and 41 type III cells at both high and low contrasts were not included in the population of cells for which the nCRFs were estimated. To compare the CRFs among the three categories, we first mapped the distribution of retinal eccentricity for each category. In Fig. 5 , the central position marks the fovea of the dominant eye, and each symbol indicates the position of receptive field center from the fovea. The circles, squares, and triangles indicate neurons from category type I, type II, and type III, respectively; no significant differences in retinal eccentricity were found among the three categories (p > 0.05 for all compared pairs). We also found no significant difference in retinal eccentricity between the simple and complex neurons (p > 0.05). Fig. 6 shows the scatter plots for the size of CRF for the entire population of three categories and the size of the nCRF for 98 type I neurons. In Fig. 6A , the majority of the data points are distributed above the unity ratio line, indicating that the CRFs expanded at low contrast for most cells. We then compared the excitatory CRFs among the three categories. Our result showed that the size of the CRFs among the three categories was significantly different. Under the high contrast condition, the size of the CRF was 3.23 ± 0.18 deg, 5.00 ± 0.65 deg and 8.23 ± 0.62 deg for category type I, II and III, respectively (type I and II, p = 0.0017; type II and III, p = 0.0004). When the stimulus contrast was changed from high to low, the expanded average size of the CRFs for type I, II and III cells was 4.88 ± 0.27 deg, 7.46 ± 0.95 deg, 10.82 ± 0.85 deg, respectively. Similarly, significant differences in the size of the CRF could be found at low contrast among the three categories (type I and II, p = 0.006; type II and III, p = 0.0139). We also found that the size of the nCRF for type II cells was significant larger than that of type I cells (p < 0.05) at high contrast.
Comparison of CRFs in simple and complex categorization
Because the simple-complex classification is believed to be dependent on the stimulus contrast, we determined the simple and complex cell category by comparing the average F1/F0 ratios Fig. 9 . The proportion of simple/complex cells at high and low contrasts in the three categories. The F0 and F1 components of the response were calculated using the Fourier transformation from the size-tuning curve at high and low contrasts. at both high and low contrasts. Fig. 7 shows an example of a category II neuron, with solid and dotted lines representing the responses of F1 and F0 calculated from the size-tuning curves, respectively. The average F1/F0 ratios calculated from different stimulus areas were 0.81 at high contrast and 1.39 at low contrast. Consequently, a neuron behaved similar to a complex cell at high contrast but similar to a simple cell at low contrast. Fig. 8 shows a summary of the F1/F0 ratio comparisons between high and low contrasts for all cells recorded. The majority of the V1 neurons in our samples had stable modulation ratios in response to stimuli at both high and low contrasts. For the entire population, 67 cells (41.6%) were classified as simple cells and 94 (58.4%) as complex cells at high contrast. When the stimulus contrast was changed from high to low, 70 simple cells and 91 complex cells were included in the population. Ten cells (6.2%) crossed the category boundary (F1/F0 = 1) at different stimulus contrasts: 7 cells behaved similar to complex cells at high contrast but similar to simple cells at low contrast, and remaining 3 cells demonstrated the opposite behavior. Among our samples, 67.2% (45/67) of the simple cells and 79.8% (75/94) of the complex cells showed strong surround suppression at high contrast, and 57.1% of the simple cells (40/70) and 63.7% of the complex cells (58/91) showed strong surround suppression at low contrast. Thus, it appears that complex cells exhibit more suppression than simple cells at both high and low contrasts. Fig. 9 shows the proportion of simple/complex cell numbers at high and low contrasts in the three categories. At high contrast, 38.8% of type I (A, 38/98), 36.4% of type II (B, 8/22), and 56.1% of type III (C, 23/41) cells were classified as simple cells and the remainder were classified as complex cells. At low contrast, 40.8% of type I (40/98), 45.5% of type II (10/22), and 58.5% of type III (24/41) cells were classified as simple cells and the remainder were classified as complex cells. These results reveal that the three categories differed in the proportion of simple and complex cell numbers (expressed by the ratio of complex number/simple number): in type I and type II cells, there were more complex cells than simple cells (the ratio was 1.58 for type I and 2.14 for type II), but a greater number of simple cells were found in the type III neurons (the ratio was 0.86). Significant differences in the proportion of simple/complex cells were found between the type I and type II cells (p = 0.016, chi-square test) and between type II and type III cells (p = 0.005, chi-square test) at high contrast. At high contrast, the average size of the CRF was 4.71 ± 0.41 deg and 4.78 ± 0.36 deg for simple cells and complex cells, respectively; no significant difference was found between the two types (p = 0.454). We then compared the size of CRFs between simple and complex stimulus contrast in each category. For type I neurons, the average size of the CRF for complex cells was 3.51 ± 0.26 deg, which was significant larger than that of simple cells (2.80 ± 0.23 deg, p = 0.0379). However, there was no significant difference in the size of the CRFs between simple and complex cells in type II and III neurons (type II: p = 0.416; type III: p = 0.495). An additional comparison for the peak firing rates of simple and complex cells was performed. The average peak firing rate was 24.03 ± 2.69 spikes/s for the simple cells and 35.79 ± 2.65 spikes/s for the complex cells. A statistically significant difference in peak firing rates was found between the two types (p = 0.0006).
Discussion
Many measurements for the size of the CRF have been made to estimate the extent of excitation. To obtain a full estimate of the excitatory region, we chose the size-tuning test to avoid underestimating the CRF size and we selected two representative contrasts to measure contrast-dependent excitatory and suppressive summation spaces. Recent reports have indicated that the excitatory and suppressive summation spaces usually expand as the stimulus contrast decreases, but the rate of the expansion for the suppressive space is substantially lower than that for the excitatory space (Chen, Song, & Li, 2013; Wang et al., 2009) . Thus, the excitatory and suppressive spaces appear to overlap extensively and a relatively large part of the suppressive space is masked at low contrast. If the excitatory space exceeds the suppressive space, the surround suppression will disappear. In our samples, both category type I and type II cells showed strong suppression at high contrast, but a different summation property at low contrast. We speculate that the variation in the spatial summation at low contrast may be related to the difference in the size of the CRFs for category type II and III cells. Compared with type I neurons, type II cells have much larger CRFs, which easily extend beyond the suppressive space as the size of the CRF significantly expands at low contrast. We also note that various luminance selections have been used in previous studies: in cats, Li & Li, 1994; 8.3 It appears likely that low suppression and even surround facilitation were more apparent when low luminance values (range 3-10 cd/m 2 ) were used (Kapadia, Westheimer, & Gilbert, 1999; Li & Li, 1994; Wang et al., 2009) . Thus, the great number of category II and III neurons found in our study may be attributable to the selection of a low mean luminance (10 cd/m 2 ). Investigators examining the cortex generally assume that subcortical inputs play significantly contribute to contrast effects. Nolt, Kumbhani, and Palmer (2004) reported that the apparent size of the center of the receptive field decreases with an increase in contrast for both lateral geniculate nucleus cells and retinal ganglion cells. Their results suggested that contrast-dependent variations in the size of the CRF and surround suppression could primarily derive from subcortical input streams. However, substantial evidence also indicates that intracortical connections within V1 and feedback projections from the extrastriate cortex play important roles in contrast effects and the interaction between the CRF and nCRF (Anderson et al., 2001; Angelucci et al., 2002; DeAngelis, Freeman, & Ohzawa, 1994; Levitt & Lund, 1997 Schwabe et al., 2006; Walker, Ohzawa, & Freeman, 1999 , 2000 . The contrast-dependent spatial summation is important for the visual system. At high stimulus contrast, strong surround suppression and accurate receptive fields may be used by the visual system for extracting focal features. However, at low contrast the responses to a visual stimulus are weaker. The larger size of the CRF and low surround suppression at low contrast may allow cortical neurons to extract more visual information to improve image detection and object recognition. Earlier studies reported that dendritic spines are the recipients of most of the excitatory synapses and axons and underpin the mechanism for spatial integration of inputs from the extra-receptive field (Bringuier et al., 1999; Colonnier, 1968; Dehay et al., 1991; Ts'o, Gilbert, & Wiesel, 1986) . Moreover, it has been reported that the number of dendritic spines provides a good estimate of the number of excitatory synapses and that spine head volume is correlated with the number of postsynaptic receptors (Hering & Sheng, 2001; Nimchinsky, Sabatini, & Svoboda, 2002; Passafaro et al., 2003) . Song et al. (2010) have related spatial summation properties to cell morphology. In their study, two cell types were defined as facilitatory extra-classical receptive field (F-ERF) and suppressive extra-classical receptive field (S-ERF) neurons. They found that an F-ERF neuron has a more complex dendritic arborization, higher spine density, and larger soma area than an S-ERF neuron. The axons for most F-ERF neurons form a plexus of long-range connections expanded horizontally over a wide area. F-ERF neurons have the larger size of the CRF than the S-ERF neurons. In present study, category I and II neurons were mostly S-ERF neurons, but category III neurons responded to F-ERF neurons. Thus, category I and II neurons may have morphologic features different from category type III neurons. Song and Li (2008) also found that different cell types have different contrastdependent spatial summations. The interneurons from their recordings showed suppressive spatial summation and had approximately the same sized CRFs at high and low contrasts. However, excitatory pyramidal cells are likely to show an expansion in the size of CRF and a decrease in surround suppression at low contrast. In our study, although the majority of category II neurons might have been excitatory pyramidal cells, the category I neurons included a mixed population of interneurons and pyramidal cells.
Some recent studies have reported that the classification of a neuronal population into simple and complex cells is dependent on the stimulus conditions (Bardy et al., 2006; Crowder et al., 2007; Henry & Hawken, 2013; van Kleef, Cloherty, & Ibbotson, 2010) . When the contrast was decreased to a low level or when the suppressive surround was fully activated, the complex cells appeared more 'simple' whereas few simple cells changed their classification. We examined the F1/F0 ratio at both high and low contrasts and our results were consistent with those from previous studies. Most V1 neurons had an increase in F1/F0 ratio at low contrast, with only 10 cells crossing the classification boundary under different stimulus contrasts. Differences in the dimensions of the CRFs between simple and complex cells have been reported. Walker, Ohzawa, and Freeman (2000) reported that the sizes of simple and complex CRFs in the cat V1 are not dramatically different. Cavanaugh, Bair, and Movshon (2002) compared the extent of the CRF and nCRF for V1 neurons in the macaque at various contrasts and found no significant differences between simple and complex cells. However, similar studies in the macaque monkey have shown different conclusions. Sceniak, Hawken, and Shapley (2001) reported that the excitatory summation fields for simple cells were significantly larger than those for complex cells. Levitt and Lund (2002) also found that the mean peak summation diameters for macaque simple cells (1.4 ± 0.6 deg, radius) were larger than those for complex cells (0.8 ± 0.1 deg, radius), although this difference was not significant. In the present study, our results for cat V1 indicated that the average size of the CRF for simple cells was similar to that for complex cells (p = 0.454, high contrast). However, the complex cells had significantly larger CRFs in category type I cells. Thus, the size of the CRFs in complex cells is similar to that in simple cells, at least in the cat. Nevertheless, we experienced difficulty investigating the difference in category type I cells. The simple/complex classification in type I cells likely contains some variability in morphology or neural circuits.
By measuring and comparing the excitatory and inhibitory areas of cat V1 neurons, we revealed that the size of the CRF and the spiking rate were significantly different among the three categories of cells. Furthermore, the three categories also differed in the proportion of simple cells to complex cells: there were more complex cells than simple cells in category type I and type II, but more simple cells in category type III. We also found that the size of the CRF for complex cells was as similar to that for simple cells, but complex cells had significantly higher peak firing rates than simple cells. However, complex cells displayed significantly larger CRFs than those in simple cells for category type I neurons.
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